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Previewsthus provides insight into mechanisms by
which TBX5 represses gene transcription.
It will be interesting to know whether
genes upregulated in Tbx5;Mta1 mutants
contribute to the observed phenotypes.
As the authors note, future studies will
be required to differentiate between
NuRD-dependent and -independent
TBX5-mediated gene repression. Mouse
models that harbor Holt-Oram syn-
drome-associated mutations in the NID
might be one way to start to address
these questions. Other questions that
arise are whether TBX5 can also interact
directly with other subunits of the NuRD
complex, such as CHD3, and what the
specific roles of individual NuRD complex
components are during cardiogenesis.
This will enable a better understanding
of the full spectrum of NuRD complex
function in heart development.
The four-chambered heart has evolved
from a single layered tube with peristaltic
contractility (Moorman and Christoffels,
2003). Division of the common atrium
into right- and left-sided chambers, as
observed in amphibians, birds, and
mammals, represents an evolutionary
milestone required for separation of244 Developmental Cell 36, February 8, 2016oxygenated and deoxygenated blood. In
amphibians, two atrial chambers exist,
separated by a septum, connecting to a
single ventricle. In fish, the heart is a single
atrium connected to a single ventricle.
The observation that a functional NID
arose simultaneously with the advent of
atrial septation gives insight into an
exciting additional role for TBX5 in cardiac
septation. Further support for this theory
might be found in the lungfish, which
already has an atrial septum comparable
to the amphibian condition (Moorman
and Christoffels, 2003). One wonders:
Could the introduction of a functional
NID in zebrafish TBX5 be sufficient to
induce atrial septation? Furthermore, do
interactions with the NuRD complex
contribute to TBX5’s known role in
ventricular septation? These and other
experiments should provide insight
into the evolution of septation and the
contribution of TBX5 and NuRD to the
process.REFERENCES
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Variation in the activity of the spindle assembly checkpoint has been observed in different cell types, yet the
reason for this variability remains poorly understood. Reporting in Developmental Cell, Galli and Morgan
(2016) show that checkpoint activity increases during development as cell size, and the cytoplasm-to-kinet-
ochore ratio, decreases.The spindle assembly checkpoint (SAC) is
a key mitotic regulator that maintains
genome stability by ensuring proper chro-
mosome segregation. Defects in SAC sur-
veillance can lead to aneuploidy andgenome instability, while several major
chemotherapeutics rely on SAC activity
and the consequences of a prolonged
mitotic arrest. It has long been appreci-
ated that both the strength of the SACand the consequences of SAC loss vary
widely between different organisms and
different cell types (Rieder and Maiato,
2004). In this issue of Developmental
Cell, Galli and Morgan (2016) investigate
Figure 1. The Strength of the SAC Is Influenced by the Concentration, Rather than the
Absolute Number, of Kinetochores
A schematic showing one model consistent with the findings of Galli and Morgan (2016). As cytoplasmic
volume decreases during embryonic development, nuclear content remains constant, resulting in an
increase in the concentration of kinetochores in the cytoplasm. If recruitment of Mad1 to unattached ki-
netochores is similar in small and large cells, the increase in kinetochore concentration could result in a
greater fraction of cytoplasmic Mad2 being activated by association with kinetochore-boundMad1. More
active Mad2 could generate more MCC and thereby inhibit a greater proportion of the APC/C pool,
generating a stronger SAC response.
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variability: cell size.
During mitosis, replicated sister chro-
matids connect to opposite spindle
poles via kinetochore-microtubule at-
tachments. The SAC detects unattached
or improperly attached kinetochores and
delays anaphase onset by inhibiting
the anaphase-promoting complex/cyclo-
some (APC/C). The SAC factor Mad1
localizes to unattached kinetochores,
where it recruits Mad2, which undergoes
a conformational change from an open
to a closed state. Closed Mad2 binds to
the APC/C co-factor Cdc20 and, when
at the kinetochore, catalyzes the forma-
tion of more closed Mad2. The closed
Mad2-Cdc20 complex interacts with a
second complex consisting of BubR1/
Mad3 and Bub3 to form the mitotic
checkpoint complex (MCC). The MCC
then binds to the APC/C, blocking
degradation of APC/C substrates, in
particular securin and cyclin B. Once sta-
ble kinetochore-microtubule attachments
have been made, the SAC is turned off by
a combination of stripping of Mad1 and
Mad2 from the kinetochore and disas-
sembly of existing, cytosolic MCC (Lara-
Gonzalez et al., 2012).
Significant variability exists between
the strength of the SAC in different celltypes. For example, comparable spindle
disruptions produce stronger mitotic de-
lays in human cells than in rodent cells
(Rieder and Maiato, 2004), and, as the
authors note, embryonic blastomeres
from different organisms display a wide
range of checkpoint activity (Galli and
Morgan, 2016 and references therein). In
C. elegans, while early embryonic blasto-
meres have a weak checkpoint (Encalada
et al., 2005), adult germline stem cells
show comparatively robust checkpoint
activity (Gerhold et al., 2015; Kitagawa
and Rose, 1999). Understanding the
basis for this variation will improve our
knowledge of how the SAC functions
in vivo and provide insights into its
adaptability.
A long-standing hypothesis in the
field has posited that the nuclear-to-
cytoplasmic ratio affects checkpoint
signaling. Work using Xenopus egg
extract demonstrated that a checkpoint
response was only discernable if the
amount of DNA was increased to a con-
centration comparable to that found in
somatic cells (Minshull et al., 1994). Galli
and Morgan (2016) used the C. elegans
embryo, with its invariant lineage and
ready live-imaging, to test this hypothesis
in vivo. They disrupt spindle formation us-
ing several methods and use the durationDevelopmental Cell 36of mitotic delay as a measure of SAC ac-
tivity. They find that as cell size decreases
during embryonic development, mitotic
delay increases. The authors then tweak
the nuclear-to-cytoplasmic ratio early
in embryogenesis by experimentally
inducing smaller cell sizes or, conversely,
by increasing the total DNA content and
show that both manipulations result in
longer mitotic delays.
Why would increasing the nuclear-to-
cytoplasmic ratio increase the strength
of the SAC? Increasing the amount of
kinetochore-bearing DNA would likely in-
crease the production of the MCC by
providing additional sites for the recruit-
ment of Mad1 and consequent activation
of Mad2. Indeed, the authors find that
for exogenous DNA to increase SAC
activity, it must be competent to form ki-
netochores. However, during embryo-
genesis, nuclear content, and presumably
the number of kinetochores, remains
constant, while cytoplasmic volume de-
creases. The question then becomes,
how does the same number of kineto-
chores in small cells produce a stronger
checkpoint response?
The authors suggest that neither the
kinetochore recruitment of Mad1 nor
the cytoplasmic concentrations of Mad1,
Mad2, or an APC/C subunit Apc1 change
between large and small cells. However,
we note that the measurements of Mad1
and Mad2 were not made using the
endogenous proteins, but rather using flu-
orescently tagged transgenes, and that
only cytoplasmic regions outside of the
mitotic spindle were considered. None-
theless, the principle factor determining
SAC strength would then seem to be the
concentration, rather than the absolute
number, of kinetochores.
Several features of checkpoint regula-
tion fit with this model. First, kineto-
chore-localized Mad1 acts as a catalyst
in the generation of active cytoplasmic
Mad2, which then forms the MCC.
Second, diffusion of the MCC is required
to extend the inhibitory reach of the
SAC throughout the cytoplasm. Third,
MCC inhibition of the APC/C likely
occurs by direct binding and physical
exclusion of APC/C substrates and is
therefore stoichiometric. Assuming that
Mad1 is not limiting (i.e., unattached
kinetochores are saturated in both small
and large cells), increasing the concentra-
tion of kinetochores would increase the, February 8, 2016 ª2016 Elsevier Inc. 245
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Previewslikelihood that cytoplasmic Mad2
would interact with kinetochore-localized
Mad1, and thus a greater proportion of
the Mad2 population would be converted
to an active state, resulting in more
MCC. In addition, a smaller cytoplasmic
volume would decrease the distance
over which the MCC would need to
diffuse. If the concentration of the
APC/C has not increased, inhibition by
the MCC would be favored (Figure 1).
Mathematical modeling would prove
a valuable test of this hypothesis and indi-
cate whether additional parameters, such
as MCC disassembly factors, need to be
included. A comprehensive model would
consider how changes in cell size affect
the distribution of kinetochores in the
cytoplasm, as it has recently been shown
that the size of condensed chromosomes
also scale with cell size (Ladouceur et al.,
2015; Levy and Heald, 2012). Experimen-
tally, it would be important to determine
whether small cells have a greater con-
centration of assembled MCC, even if
the concentration of its individual constit-246 Developmental Cell 36, February 8, 2016uents does not change. There is also the
question as to whether the MCC needs
to inhibit the entire cytoplasmic pool of
APC/C or whether it is sufficient to block
APC/C activity in the vicinity of the mitotic
spindle, where at least some of its sub-
strates are enriched (e.g., Hagting et al.,
1998).
Recent studies have established that
the size of many subcellular structures,
including the mitotic spindle, the nucleus,
and condensed chromosomes, scales to
cell size (Levy and Heald, 2012). These
findings raise the interesting question of
how changes in cell size may also impact
signaling activities. The work of Galli and
Morgan (2016) demonstrates that the ac-
tivity of a key cell-cycle regulator, the
SAC, is indeed sensitive to cell size and
is influenced by the increase in kineto-
chore-to-cytoplasmic ratio that occurs
during normal embryonic development.
Further uncovering the mechanisms that
govern these types of changes, and,
importantly, how differently sized cells
buffer against them to ensure a stabilityª2016 Elsevier Inc.of output, will be of particular interest in
the future.
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Toll and Hippo are two seemingly disparate pathways that regulate innate immunity and tissue
growth, respectively. Reporting recently in Cell, Liu et al. (2016) tie them together by demonstrating that
microbial infection activates Toll, which then signals to both pathways to modulate the antimicrobial
response.It was quite a surprise some 20 years ago
when the maternal Toll-NFkB pathway—
originally identified to control dorsal-
ventral patterning of early Drosophila
embryos—was found to also be em-
ployed to control innate immune response
in larvae and adults (Ip et al., 1993; Le-
maitre et al., 1996). That discovery invigo-
rated the research on innate immunity, the
identification of Toll-like receptors, and
the link between innate and adaptive
immunity. A recent paper by Liu et al.
(2016), published in Cell, brings usanother pleasant surprise in the field: the
kinase Pelle, acting downstream of Toll,
can phosphorylate and inhibit the Cka-
phosphatase complex that represses
Hippo. This cross-regulation between
Toll and Hippo signaling then influences
innate immunity gene expression.
Activation of the Toll pathway is initi-
ated by pattern recognition of peptidogly-
cans fromGram-positive bacteria (Gobert
et al., 2003). A cascade of upstream
protease cleavage events then leads to
the processing of Spa¨tzle, which bindsto the trans-membrane protein Toll (Fig-
ure 1). This causes the recruitment of the
adaptor complex, activation of the kinase
Pelle, phosphorylation and degradation
of the inhibitor Cactus, and nuclear trans-
location of the NF-kB transcription factors
Dorsal and DIF to regulate immunity gene
expression.
The Tao-Hippo-Warts kinase pathway
phosphorylates and inhibits the transcrip-
tional co-activator Yorkie, which controls
tissue growth by regulating the cell cycle
and antiapoptotic genes (Figure 1). In their
